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I n  support of development work dune on a m e t h o d  for 

I 
I 

measuring the thermal diffusivity of the lunar surface, a mathe- 
mat lca l  study has been undertaken. 

verify the feasibility and design calculations previously 

This study was designed t o  

reported 1 , and t o  provide some experience In calculation method. 

which might be used i n  the interpretation of data actually obtainad. 

The apparatus b u i l t  for breadboard teste was used as the 

basis for calculation. 

disc, l2 in, i n  diameter,-which was shielded from direct rays of 

the sun by a ref lector  d i rec t ly  above it, This allowed the disc 

t o  assume a lower equilibrium tenperat- than if it w e r e  i n  direct 

sunlight, me ent i re  bottam surface of the  disc was covered w i t h  

an e lec t r ica l  heating element cut in a s p i r a l  of archimedes configu- 

ration, 

high as practical ,  

the disc- allowed a radiometer mounted between the disc and 

The apparatus consisted of a f l a t  circular 

, 

The lower surface was blackened to make the d t t a n c e  as 

A 1 in, diameter hole through the center of 

The calculations done were based op experiments which - 
c 

would be performed in the following manner: . 

1, An experiment perfomed during the lunar day - The 

disc, a t  a temperature lower than that  of the surface, is placed 
* r  

ref lector  t o v i e w  the area of the surface direct ly  beneath the 

dLc-. * 

Lunar Physical Parameters Study, Par t ia l  Report No, 8, Design 
Calculations, Measur-bt of Thermal Diffusivity,  Texaco Inc,, 
May 8 ,  1961 
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near the surface and parallel to it, The tesnperature of the dfsc 

i s  maintained constant* and the temperature of the surface i s  

measured by the radiometer at a number of times, up to perhaps an 

hour after placement of the disc, 

2 ,  An experiment performed during the lunar night - 
The disc is heated electr ical ly  and held a t  a constant uniform 

temperature- 

temperature measured by the radiometer at a nrrmber of t i m e s .  

The disc is then positioned over f i e  surface and the 

The actual calculations were approached in two phases. 

The first phase consisted of attempting to find reasonable sets of 

physical parameters which w u l d  all- calculation of temperatures 

and temperature g raaen t s  im the near-surface region, Results of 

such calculations cotlld then be used a s  ini t ia l -condi t ions for the 

calculation of the expected experinental results,  

also provide estimates of optimum times for performing the experi- 

ments, when the temperatures and temperature gradients are slowly 

These results 

varying with t i m e  over the surface a ~ e a  of interest, 

phase involved calculations of expected results of the  experiments 

The s e c d  

described earlier w i t h  various sets of assumed Dhvsical D a r a m e t e r s -  

Phase 1 

The first phase calculations were based on a layered d e l ,  

'Its tempetature actually rises slightly, but w i t h  large heat 
. - capacity of the aisc t h i s  is minimized and was ignored i n  the 

. supplying - a _ _  small amount of thernostatted power to the heariqg 
calculation, Some additional advantage might be obtained by 

which can be cut off when the disc ~ is positioned. 

1: 7 94.38-2 
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The surface was assumed to be flat and of uniform character. 

medium was treated as a semi-infinite slab made up of a finite 

number of parallel homogeneous, isotropic layers. Thus, the heat . 

equation in the interior of any layer is; . 

Ihc. 

where, 

IC is the thermal diffusfvity of the layer 

v is the temperature 

t is the t i m e ,  and 

x is the depth variable, 

A t  the surface, v(o,t) is known f r o m  astronomical data and fhe net 

heat flux conducted fnto the surface is  

u = average reflectivity of surface in solar 
spectrum 

q = incident solar radiation of the form qo* sin S k  
during the day and zero during the 

q, = solar constant 

R = synodic frequency x 2r 

dght 

. -  
. -  

= emittance of the surface in the infrared 
€43 

u = Stefan-Boltnnann constant, 

& 



I The heat equation rewritten in -terms of the flux becomer, 
I 

aV(x,t) f (x , t )  = -x 
. .  

. p = density of medium 
l 
t 

e = specific heat 

K = thennal conductivity = rpc, 
I 

I 
I 

. .  

A closed form solution of (3) is obtained throu@ 1 
I 

L representation of the boundarp conditions by the Fourier series 
I 
I 

where, 

2 1  an = aR and & = 

W e  approxhated this representation by a least square fit 

an/x, 

1 
I 
~ 

of the buundary d a t a  to Fourier sums containing a constant term 

and the first 20 sine-cosine pairs. 
l 

Each of tbe sine-cosine 

pairs and the constant term can be considered separately, 

the  resu l t s  of these 21 solutions combined by superposition to 

give the desired solution to 13). 
methods for  a single sine-cosine pa i r  in detail, 

t h e  subscript, n, is  omitted, 

T k n  

In Appendix A we consider the 

For convenience, 

1: 7 9 4 . 3 0 4  

7 



. - 8 8 2  

In order t o  obtatn the change l a  temperature result ing 

from placement A- the surface of a disc maintained at  a fixed 

uniform temperature, a 8et of 7090 progrants ha8 been wittea ta 

solve the heat equation in  three space dimensions w i t h  cylindrical  

synmetry using the standard forward difference approximation to the 

di f fe ren t ia l  equatim, Since the temperature difference is t o  

be obtained, the init ial  condition i n  the medium i a - t h a t  thi 

temperature difference is zero. 

surface, however, must reflect the presence of the radiation 

interchange w i t h  the disc and of tbe  solar radiation (during lunar 

day) and re-radiation of heat into space, 

cessee depend an the absolute surface temperature which is calcu- 

-1ated by superposition of the temperature difference caused by the 

disc upon the nannal, steady periodic solution found in Phase 1, 

In Appendix B, the  numerical process used is described i n  de- 

The boundary conditions at t3rc 

These radiation prs- 

Results of Phast.1 

Baing the 7090 program for Phase 1, a number of gets of 

t-exuperature w, tipe profiles were computed at various deptha for 

v a r i w  c5oicer of physical parameters, Both tniforn and layered 

media were wed, 

rn the possible values of the parameters for the medium. 

the parameters are physically unrealist'k, that i s ,  unrealistic 

Tbe resu l t s  indicate a deflni te  limitation 

If 
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the solutions quickly result i n  extremely high or extremely l o ~ ,  

even negative, temgeratwes at  depths below the surface, 

one can establish, within the limits of our assumptions, tbe 

maximum depth to which a surface layer of any chosen composition 

may extend, 

be assumed to preseme the stability of the solution, 

noted that in this problem the solution i n  an upper layer is  

independent of the choice of lower layers, 

the salutions are well-behaved i n  an upper layer does not shw 

that it Is possible to select l o w e r  layers so that the solution will 

continue to be w e l l  behaw&. 

Thus, 

Below that m a x i m  depth, another type of layer must 

It should be 

M course, the fact that 

The following values for parameters were used i n  all  case%: 

. 3. av = 0.875 

2- 

3, 
Q, = 1-95 cal/cm 2 min = 117-0 G a l / -  2 hr. 

4 *-1 = 8.8636 ~ 1 0  -3 hr'l 

10-12 vattic=* (*K)~ = ;4,a7a = loog 

42 = 1,4776 x 10 0 

4, €= = 0-9 

5 ,  a = 5,669 

cal/Cm2 hr (%)4- 

Lanbert's h w  was assumed to hold for a l l  surfaces, 

Three basic types of material were chosen -to make tg, 

layers, They were: 

1, %ust*= : K = 1.65 x loo5 cal/sec a ?X 
= 5-96 x loa2 cal/hr cm' 'g 

p - 2 . 0  gram/cm3 - 

c = 0.2 .cal/grcrr *IC 

*Taken to be dust in vacuum, 
- 1:794,38-6 
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2, "Pumicem 

3, "Basalt" 

-7- 

c = 0.2 calfgram % 

: E( = 5-37 x cal/sec cm *K 
= 1-93 x 10 1 c a l k  cm 'K 

p = 2.8 gram/cm3 

c = 8-2 cal/gram% 

Several sets of two-layered eases were run, In addition, 

a wide range of conductivities was explored using a uniform 

medium w i t h  pe the same as "dust"- These may show the maximum 

depths to which snch a top layer may be used. 

In order to spec i f ica l ly  eliminate certain media from 

the class of "reasonable" media, improved representation of sur- 

face data would be required as indicated below, 

Results of Phase 2 

-- Most of the calculations done h Phase 2 used the 

radiation boundary condition corresponding to the disc being 

placed veq c lose  t o  the surface so that edge effects could be 

ignored, 

allowance m u s t  be made for loss of energy by radiation from areas 

under the disc into the sky- 

turbation of the uniformity of the radia l  surface temperature 

distribution. 

However; if the disc is not assumed to be very close, 

This w i l l  cause a more rapid per- 



made using a radiation condition for a circular disc, parallel 

to and above the surface, 

the disc absorbed by the surface is, 

Then, the direct radiation flux from 

E i s  the lunar surface d t t a n c e ,  E 
S sh 

is the disc sur- 

~ face d t t a n c e ,  and Tsa 5s the temperature of the disc.  Rsh is 

the radius of the disc, Rs is the radia l  distance on the surface 

t o  the point of interest,  h is the  height of the disc above the 

surface, and, 

1) (P = 2  1 11- 1 + C2 - BZ 
A4 + 2C2 (1-B2) + (1+B2) 

, For the assumption that the disc is very erose (BEIGBT = 

h = 0.0) to the surface, use, 

'Heat Transfer, Vol, 11, Hax Jakob, John Wiley and Sons, New 
York, 1957, p. 11. 

1: 794 -38-8 
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For thfs case the correct total surface flux for Rs < Rsa 2s . 

given by 

Equation (8 )  includes all reflections and E is the - 
of the series, 

. .  . -  

um of either 

where (loa) represents the reflections applied to eh and (1%) 

represents those applied to .",. 
For h # 0, the reflection considerations are much more 

complicated, 

c lose ly  c&parab& 

(10) were  neglected, Hence, for h = 0 we used only the lea- 

terms of the aerier (Lo), thus, 

Us- the simple forn given by ( 5 )  would give results 

h I: 0 results if the reflection terms I n  

%et = ('s'sh f i - €  sh s + I  so <11) 

Several values of the product Xgc were assigned, and 

temperature perturbation ~alculations were  made using these values 

1:794.38-9 . 
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for  the case h = L -  These results indfcate tha t  it would be 

possible to experhentally determine tbe product I[pc for the near- 

surface lunar material using the apparatus previously described, 

The single eafEvlatim using h # 0 indicate8 that It 

would be possible to determine gPc if the disc were placed at moat 

a8 far from the surface as 5 em, 

The calculations described above were done for in i t iu l  

time (time of disc placement) = 168.0 hrs. after sunrise, lhfs 

- time is approximately "nom" of the lunar day, In addition, a 

single calculation was made for "rnidnight" i n i t i a l  time. All 

results graphically presented in Appendix D are  for "noon" initial 

t i m e ,  Although no detailed study of resu l t s  for "midnight" 
i n i t i a l  time was made, ft i s  expected that Kpc could also - be 

determined by an experiment at "midnight", These two initial 

times were the only ones considered since it seened desirable to 

choose an i n i t i a l  time at which the t rue  derivative of n o m 1  

surface temperatures is very small, 

Connnent. - 
The application of the methods described above to an 

. actual experkt  would, of course, Icequire additional calcu- 

lat ion to improPe the accuracy of perturbed temperatures given 

in Appendix Do 
No rigorous analysis of errors has been attempted, In  - 

particular, no attempt has been made to estimate the effect of 

1: 7 94 -38-10 
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using Eqn, (11) rather than Eqn, ( 8 )  to express the radiation 

interchange at the surface. 
- 

The surface temperatures wed i n  this work were obtafaed 

from a plot entit led,  "Temperature Variation of the Lunar Surface", 

furnished by Rorth American Aviation, he, Znaccuacies fn 

v(o,t) are magnified in the surface flux calculated by Eqn, (2), . 

since f(o,t). is small compared to either of the terme u q and 

magnification with depth of the higher frequency components of 

temperature and flux. 

attempt was made to est imate  the accuracy of the individual 

Fourier components for temperature or flux. 

pairs w e r e  necessary to represent the  temperature p lot  used in  the 

calculat iom, It i s  expected that Fourier sums ealculated fras 

raw data wouldJustify using fewer coqonents  which would  signifi- 

cantly *rove the results of Phase 1, and possibly affect the 

results of &ase 2. 

fso[v(o,t)?a This inaccuracy leads to a physically unrealistic V 

fn the absence of raw temperature data, PO 

The 20 sine-cosine 

h am actual experiment. the f n i t i a l  (normal) surface 

temperature should be measured to allow correction of the 

astronomical values prevhusly used- 

should be measured at a sequence of t k s  up to approximately 

Then perturbed temperatuerr 

one-third of an hour, Then an estimate of the product Kpc would 

be deternctned from an expanded improved version of Fig. 4 fur 

each perturbed temperature measured, An analysis of the 

variation of these estimates of Kpc may give some indication of 

the r e l i a b i l i t y  of the method, 
1: 794.38-11 
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DETERMINATION OF INITIAL COHDITIOIQS 

To determine i n i t i a l  conditions existing at placement of 

the disc, consider the problear: 

v =‘On ; O < x < y ,  - QD < t < Q, . (W 

Ob) 

t 

v(0, t )  = (2p) cos UR + (2q) s in  cot; - Q < t < 0 

av f ( 0 , t )  = -K 

7, a, x, K, p, q, Y., s constant; 5 

(0 , t )  = (-4KCr) cos at + ( -4Kcs)  sin 4 e ( Z d  

2 1  
[ld) = ‘2 a#=, a,# 0. - 

tx v ( x , t )  = IP cos (cot+cx) + Q sin (ua+~x)3 e 

-t la COS (art-cx) + s sin ( e - ~ x ) ]  e -5x , ( 2 4  

. satisfies (la) (Appendix C.1). Hence, if constants P, Q, R, S can 

be chosen satisfying (lb) and (IC), then v(x,t) g%ven by (24 w i l l  

satisfy (1). 

Differentiating (2a) we obtain, 

f(x,t) = -Kss; = -KC{[-P s i n  (Ua+cx) + P cos (at+fx) 

+ Q COS (ua+~x) + Q sin (at+~x)J e 

av 

cx 

Requiring (2a) and ab) t o  reduce to (Ib) and (IC), 
respectively for x = 0, we obtain, 

2 p = P + R ;  P q = Q + S ,  (3) 



We wish to w r i t e  (2) in t h e  form 

To do so we apply trigonometric addition formulae to (2) obtainiag 

(Appendix C-II, C-IZI) 

* 
S (x) = (R sin <x -J- S cos Cx) egfx 

( 8 4  

(8b) 

Given data v(0 , t )  = PD cos aS + QD sin at 
0 
0 

f(0,t) = l$, cos cot + SD sin mt 
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Theq,,:?, Q, R, S are given by (4)- Then, (2) gives . -  

lo W e  cross an interface, Le , ,  we apply (4) to  data - 
. representing input at the top of a layer, 

2 O  W e  use coeff ic ients  so obtained to  carry OM- 

selves in to  or through a Layer by application 

(6) and (7) to  obtain-(S), 

In the computer, (7a) for example, may be d i f f i c u l t  to 

1:7% -30-43 

/ g  
. .  

temperature and flux throughout 0 < x < 
for f i x e d  x r(O,?), (5) gives temperature and flux for a l l  time, 

layers ; 

-OD < t -< Q), Alternatively, 

In particular, if x = y represents an interface between two 

respectively play the role of 

for computation i n  a second layer by reduction to the previous case 

where K1 i s  -the conductivity appropriate to the first layer, 

D i s t a n c e ,  x, i n  the second layer w i l l  be -esured from the inter- 

face rather than from the top of the first layer, 

process may.be continued for as many layers as desired. 

Clearly, this 

The process has two parts,  vi^, 
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DETERMINATION OF TEMPERATtTRE PERTURBATIONS 

In Appendix A we d e a l t  w i t h  the determination of normal 

lunar temperatures, i -e-,  those temperatures which exist in the! 

absence of disturbance by man-made equipment, 
1 

- 

These normal temperatures satisfy the heat equation in.one I 

space dimension, Since this temperature is  known for a l l  time and 
of fhe 

4 
I - 1  - independent of radial distance, r, measured from tl 

disc  and azimuth, 8, the following equations are satisfied: , 

hr (x,r,t) = 0, in particular av (xyoyt) = 0;  t, x 0 .<lb) 

(W 

(la 

(14 

I bv 
<oyr,t) - known for all t, 

V(X,T,O) = v(x,r,o) - known by Phase 1 

v(o,z,t) - known f rm all  't 

where time, t = 0, is naturally--t&en as the time of placement of 

- the disc, 

Xcm after placement of the disc, Le,,  €or posftive t, the 

above relations w i l l  not describe the  temperature,. Rather, the 

temperature s ( x , r , t )  will satisfy: 

1: 794.38-Bl 
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Since v(x,f,t) is kwwn in closed form from Phase 1, we con- 

sider for simplicity in calculation: 

Rom the above definitsan of v and v, we have 

Then, w(xyryt) represents perturbation of temperature from 

normal due t o  the placing of 'the disc.  w(x,r,t) was computed 

numerically as described below: 

= Z(i&x,j&-,n&) represent the approximation to . . 

w ( i & x Y j & , d t )  obtained below. Let the operator L be defined by 
Iat =ijn 

q j n  = 

I 
I 

(3) I 

1: 794.38-B2 
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It seems desirable to take Ax'= & and we assume tMs to be done, 

We defirre 2 by the difference equations f&pendizt Cow . 
i j n  

G i v e n  values at t = nAt, we compute 

by (la3); ij = 1,2, ..-- %s ,=I 
=i,o,n+1 

20, j ,A1 

by (lb3); i = 1,2,.,,, 

by (1~3); j = 1,2,,.,, 
I 

could be computed by either'(Lb3) ur %, 0 ,n+l I 

j 
I 
I 

(lc3), but-is--tet ial  since it i s  not used for progress to the 

next time level, However ,  i t  might be of interest to compare these 

I 

-1 

I 

i t w o  values of 2 for large n, p¶O¶n 

I 1: 194.38-B3 



Now, ( 5 )  has precisely one positive root if B 

positive root if B 

negative at $ = 0 for positive B and positive f o r  negative B; 

positive for sufficiently large e. 

> 0 and - no 
j n  - 

4 0, since the function g(#) = & + @ - B is 
jn 

g‘(@) = 4& 3 + 1 is positive for a l l  positive 6; and g(6)  is 

Iks, we have 2 completely defined, For stable  choices of 

is normally a .n 

i j n  
Ax, Ar, At, B is always positive. In fact ,  v 

the  dominant term in B for  sufficiently small ax, 
is desirable output, 2 33n 

has obvious computer storage advantages. I n  f ac t ,  Zljn at time 
t = nAt is defined to be zero f o r  all sufficiently large i and j. 

Thus, Zijn requires -much less Btorage than pljn Even so, the 

magnitude of the  problem whieh may be solved without use of magnetic 

tape fo r  interim storage is rather small, W e  made no provision for 

-this interim storage; hence, our r e s u l t s  will be given for t inee 

of, a t  most, one hour, 

ojn ’ AlthW3l-l ( L i j n ’  especially p 

Throughout t he  computations we require Ax = Ar and At to be 

chosen to sa t i s fy  

to maintain numerical s t ab i l i t y  1 . 
’Finite Difference Methods for Part ia l  Differential  Equations, 

G .  E. Forsythe, W, R, Wasow, Wiley, 1960 
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Most references give 1/2 where we have given 1f4.  

proper expression depends on the number of space dimemions actually 

appearing in  the heat equation. 112 is correct for one-space 

dimension, while 1/4 is  correct for two dinensions (x and r). 

However, tbe 

The above considerations are altered by the presence of an 

interface between layers, 

interface we determine ZiJwl by the expression 

If iAx is  a depth corresponding to am 

- -  
which approximates 

wbere K1 and 5 are conductivities of the first and second h y e r s ,  

respectively. Othercrise, relations (la3), (lb3), (Ic~), and (la) 

apply- In this case the diffusivity, xs appearing i n  the 

stability r-rement (7) i s  the largest di f fus iv i ty  encountered 

in the problem. 



L v(x,t) given by (A2a) satisfies (Ala): 



We obtain the desired result by differentiating v{x,t) s h e  

application of addition .formulae is tedious. From <Ma)  and (A7). 

-KC[ EQ*(x) - R*(x) + P*(x) - S * (x) 1 cos rot f ( X , t )  ‘= av = 

IV. Divided Differences: Let w = w(x,r , t )  and w = w(iLlr, i j n  

j&, nu); then 





APPENDIX D 

SUMMARp OF MTMERXCAL RESULTS 

A l l  calculations were based on the temperature and flux 

Fourier coefficients given below, The flux coefficients give 
flux units cal/sec cm 2 , hence, the  7090 programming multiples 

flux coefficients by 3600.0 to obtain flux units cal/hr cm 2 

Since flux depends on the parameters shown above (Eqn. 4), it 

would be necessary to recompute flux coefficients if the para- 

meters were to be altered, . 

T h e  profiles of normal temperatures i n  "dust" are given 

belaw for several depths (Fig, 1)- For other media, the geaeral 

form of the t h e  prof i l e s  is very similar. 

application of the transformation 

This is indicated by 

to Equations Al, obtaining 

V(0, t) = v(0,t) 

f(0,t) = - 3 ( o , t ) ,  
a t  

Thus. the time profiles in the (f,t) cokdinate'systen depend 

only on the product Kpc. 

It 7 94.38-Dl 
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Curves representing perturbation of temperatures for 

several  values of rt)c are presented iinFig, 2 ,  Since these 

e w e s  w e r e  obtained using height of disc = REI=.= 0.0, PO 

angular effect (radiation i n t o  space) is considered i n  these 

eufves. 

The results are compared i n  Fig. 3. 

For comparison, one casewas computed f o r  HEIGHT = 5.0 m. - 

Note that the results indi- 

cate that the r a d i a l  var ia t ion  of perturbed temperature for a 

specif ic  t h e  is small oyer a radius of 4 or 5 cm, Thus, the 

perturbed temperature is nearly independent of radius over the 

area of view of the radiometer, 

For suf f ic ien t ly  s m a l l  time so that  the radius of the 

disc  has l i t t l e  effect, (Kpc) -1'2 can be considered a function 

of the temperature perturbations, 

ture perturbation, w(o ,o , t ) ,  is known for a def in i t e  value of 

Thus, i f  the surface tempera- 

can be estimated as indicated in Fig- 4, -112 
t, IKPC) 

Since the  Phase 2 calculations used f ini te-difference 

techniques, there is some er ror  i n  the temperature pertur- 

bations obtained, 

been m a d e ,  9 indicat ion of erxors is obtained by comparison of 

r e s u l t s  f o r  successively smaller At and Ar- 

perturbations obtained in "dust" using Ax = AT = 0-1 em, 0-05 

cm, 0.02s a, successively, differ by 1.K or less where At lo 

chosen to maintain numerical s tab i l i ty .  

Although no rigorous analysis of errors has 

The temperature 
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T-0 Temp- Flux FlUX I 
Sine cos S h e  cos 

MTA. 
00 
01 
02 
OS 
04 
05 
06 
07 
08 
Q9 
10 
11 
l.2 
13 
14 
15 
16 
17 
18 
19 
20 

-01 

.OOOOOOOOE 00 .22e26791E O3 ,000OOOOOE 00 ;=18379PE-OS 
,14474 08513 W-'. 524 823 91E Ol -,I 8406930E-02 *. 110567ME-03 
164958 98E 01- , 34031 5823 OZ , 2 0146566E-04-s, 63172 6403-03 
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o201741333 01- .13186581E 02- . 13201978E-04- ,21278XOE-03 
o849141223 Ol-.19856164E 01 ,11512204E-03 .,369945m-O4 
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-e434257363 01-.125483023 01 ,59816251B-04 ,284580763-04 
.-11317164E 01- .52154533E 01-,263330~9E-05-, 8504W27E-W 
-,267026783 01-, 905345003 00 ,37523709E-04 ,21839815E-M 

78 92 51 78E O h .  3 6548020E Ol .31907 033E - 05 - , 62 83 92 71E -04 
019471356B 01- ,79391~0E 00 ,23770127E-04 , l676P79OE-04 
,62367758E 00-.31022627E 01 ,67389333E-05-,45032700E-M 
,13407852E 01-,7902472O3 00 ,19345902E-M ,118743443-04 
;374463783 00-.26508531E 01 .94848804E-05-'.37742956E-O1 

908796223 00-.69753089E 00 .13012129E-M ,51275089E-OS 
,22515755E 00- -21 995335E OT . 62O70178E-05-', 31778413B-04 

51 4 52 WOE-01 - 17 8634063 01 , 74 823 758 E-05 - .2 51734 963-0( 
'.34896822E 00-*.47163624E 00 , 904371873-05 ,17235374B-05 
*, 2300977 8E-01- 1426545111 01 ,6015525 6E-05- , 246893 93E-04 

~ 0 2 7 9 9 1 1 ~  00- ,62417482~ 00 . ~ O ~ ~ O O I I E - O S  ,488915n11-0~ 

. ~ ~ o ~ O E  00 ,00000000E 00 ,00000000E M .00000000E 00 
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Radial Distance from D i s c  Center a. 

D i s c  Placement ( I n i t i a l  Time) 168.0 hr, after Sunrise 
Results for "Dust" using Ax=&=O,l an. 
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APPENDIX E 

7090 PROGRAMS 

All programming and computation fur the preparation of 
I this report was done on Texaco IB?f 7090, Houston, Texas w i t h  the I 

exception of the.determination of Fourier coef f ic ients ,  which was 

accomplished on the Texaco Elecum 120A, Bellaire, Texas. 
I 

Fortran source listings of this 7090 programdng appear 

bel=, 

These programs operated e f fec t ive ly  in the solution of 

those problems undertaken in the preparation of t h i o  report. 

Huwever, no claim to p r o g r d n g  perfection is made. In fact, 

certain improvements are k n m  to be possible. 

The Fortran statement, COMMON, does not appear In Phase 1. 

This statement is used extensively in Phase 2. 

portions of Phase 2 contain a c q l e t e  set of Phase 2 COMMON and 

DIMENSION statements regardleas of necessity. 

are designed to be-useful In Phase 1 if Phase 1 w e r e  appropriately 

revieed. 

In fact ,  most 

These statementa 

Storage requirements l i s t e d  belaw are given aa decimal 

A glossary of variable names is given on Page 40 of numbers. 

this Appendix, 

1: 7 94.38-E1 
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Entry3ame 

Category 

Purpose 

Arguments 

. .  . 

. -2- 

- Main Program - Phase 1 
- To read data and guide output of normal 

temperatures a s  spec i f ied  by input con- 
trol. 

- None (Main Program) 

Unusual Cautions - None 

Description - After input has been read, calculat ion 
is made asdescribed i n  Appendix A using 
appropriate subroutines as needed. 

Lower Memory Require- 
ments - 1633 

Common Requirements -aOne 

1: 7 94.38-E2 
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.~ r . 

. .  

90 
82 
93 
81 
9!l 
98 

. a7 

3 

2 

S 

9 

u 
I 

10 

5 
6 

WRITE OUTPUT TAPE 3.94 
K=K+l 
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Entry Hame 

Category 

Purpose 

Arguments 

Error Exits 

Description 

- FILET 

- Subroutine - Phase 1 only, 

- To calculate and report as mtput  a pro- 
f i l e  of normal temperatures vs. tiroe for 
fixed depth. 

CP, CQ, CR, CS, XP, XQ, XR, XS, DUSE, C a y  

TBIC, A N S ,  N, L, FIX, SPACE, NREP 
L : The vector L(M) which  indicates 

.type of def in i t ion  for thickness 
of each layer M, 

FIX 
SPACE: Time bemeen successive values in 

NREP : Number of values in the prof i le  

All other arguments appear in the 
glossary . 

: The f ixed depth for the profile, 

the prof i l e ,  

beginnirrg with value at T = 0. 

- #5 - 7090 Failure 

- Using the subroutines CROSS and CARBP, 
FIILETcomputes a time prof i l e  as described 
in Appendix A. 

Lower Memory Require -  
ments - 372 

Common Requirements - None 

1:794.38-% 
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96 
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13 
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l3 
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Entry TJazne 
Purpose 
Category 

Arguments 

Error Exits 

Description 

Name of Deck 

- FILET (modified for p lo t  of outpnt) 
- Same as F m T  (U). - Subroutine - Phase 1 only. 

- CP, CQ, CR, CS, W, XQ, XR, XS, DUSE, 
CON, TAX, AIS, N, L. FIX, SPACE’, NREP 

L : The vector L(M) which indicates 

* 

type of definition for thickness 
of each layer H, 

FIX : The fixed depth for the profile,  
SPACE: Time between successive values in 

the profile, 
NREP : Number of values i n  the profile 

beginning w i t h  value at T = 0. 
A l l  other arguments appear in the 
glossary. 

- #5 - 7090 failure. 

- Using the subroutines CROSS and CARRY, 
ELLET computes a time profi le  as described 
i n  Appendix A. 

- FILTPL - the output is plotted by UMPLOT, 
University of Michigan Plot, available 
through SHARE. 

Lower M e m o r y  Require-  
ments - 2300 (approximately) 

Transfer Vector - ERRORQ, CROSS, CARRP, SIN, COS, ( S r a ) ,  
(FIL), PLOTl, PWTZ, m, FPL#l% 

Conrnon Requirements - None 

1:794.38-E6 
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22 

1 

2 

8 

S 

4 
5 
7 
6 

ls 
10 

11 

3.2 

9 

14 

201 
202 

* . LIST . .  * MBeL 
CP'ILTPL F'ILET WITH PLOF 

. SUBROUTINE F n E T  (CP,CQ, CR, CS,XP, XQ, XR, XS, DUSE,CoB, 
1 THIC,AN~,N,L,~]L, SPACE,NREP) 

90 FORMAT (IH 10E12*5) 
100 FORMAT(lBlh4E TEMP v8 TIME AT DEPTH , F1.2,4H CY. /la0 ) 
1M PORKAT(1H0,80X,28RTME IN HOURS FROM SUNRISE /lBO, 

1 16I1 TIME STEPS ,FI*2,61 HOURS 3 



=8- 

30 N V L a  ( (NREP-1) / l O ) + l  
NSBYdOO/ (NVL+l) 
CALL PLOTl(O,S, 10, N V L ,  MSm 
CALL PLOT2 (ARRAY, T~~(HRSP)+SPACE,0.0,400.0,10~.~ - 
CALL PLOT3(1H*,TIL6E,AHS,NREP) 
ViitTTZ ObTPUT TAPE 3,100,FIX 
CALL FPLOTl(36 388 TEMPERATURE *DECAEEBKELYIR* 3 
WRITE OUTPUT TAPE 3.101,SPACE 

1: 7 94.38-€8 
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I 
, -E90 
, I 

I 
Entry Ncunc 

Category 

- FILEX 

- Subroutine - Phase 1 only. 
Putpoae - To calculate and report as output a 

profi le  of normal temperatures vs, depth 
fOT fixed t h e ,  

Arguments - C P ,  CQ, CR, CS, XP, XQ, XR, XS, ZIUSE, COB, 
THIC, ANS, N, L, FIX, SPACE, NREP 

L : The vector L(M) which indicates 
type of definit ion for thickness 
of each layer M, 

FIX z The fixed time for the profile, 

SPACE : Depth between successive values 
in the prof i le ,  

NREP : Number of values in the prof i le  
beginning with value a t  x = 0. 

All other arguments appear In the 
glossary, 

Error E x i t s  - NO- 

Description - In the  original concept, it seemed 
l ikely that t h i s  subroutine would be 
used, 
poned unt i l  needed. 
Hence, the present version simply 
prints  an appropriate message and returns, 

I h e  necessary coding was post- 
No need arose, 

Lower Memory Require- 
ments - 30 

Transfer Vector - ( S T W ,  (FIL) 

C<manon Requirements - None 

1: 7 94.38-E9 
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90 
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-Ell- 

Entry Niase - CROSS 

Category - Subroutine - Phase 1 only.. 
purp- - To apply equation A4 for a single value 

of a #  0 (or Ma for a = 0) .  

Arguments - xf, XQ, n, E, 8, CQ, CR, cs, DusE, 
CON, EGA, ZETA, TERM 

TEl3M : N(K) (floating point) t o  be 
used in calculating EGA. 

A l l  other argments appear in the 
glossary. 

Error Exits 

Descriptfun 

- #5 TERM is negative 

- In addition to P, Q, B, and S, EGA and 
ZETA are also calculated. 

L o w e r  Memory R e q u t r e -  
m e n t s  - 122 

Transfer Vector - SqHs - 
%omnon Requirements - N o n e  

1 :794.38-Ell 
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- *  LI8T 
8 LABEL 

1 
4 

3 

I 

CLUNARl AtPiUBET FOR LABEL 
SUBROUTINE CR088 (XP, XQ, XR, XS , CP, CQ, CR, C8, DUSE, CON , EGA , ZETA, TERd 
EWl=O. 0088656+!L’ERH 
ZETAd3QRTF (0 ,  S*EGA/DUSS> 
IF (TERM) 1,2,3 
CALL ERRQRQ (s,a) .. 
X h C P  

1: 7 94 -38-El2 
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Entry Name 

Category -.Subroutine - Phase 1 only, 

Purpose - To apply equation A6 and A7 for a single 
value of m f  0 (or M a  if Q) = 0) .  

Arguments 

X : Depth a t  which A7 is to be evaluated 
(or A2a if Q) = 0)  

Error Exits - #S EGA is negative I 
, 

Lower Memory Require- 
m e n t s  - I s3  

Transfer V e c t o r  - ERRORQ, EXP, cos, SIR 

Common Requirements - None 

1:794,38-E13 
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Entry Naa, 

Category 

Purporc 

Arguments 

Deecrip tion 

- .  -- . . .  
. . .  

. .  

- ERRORQ and DMPCm 

- Subroutines - Both Phase 1 and Phase 2, 

- To report the rrature of and dump core 

I 
i 

due to a serious errur, 

- ITYPE, DUMP for ERROBQ. 

ITYPE : Error identification number, - 

D m  : S i g n a l f o r D m P ,  
= 1 return after printing ITYPE, 
# 1 c a l l  DMPCUR a n d D W P .  

DMPCOB has no argumentr. 

- DMPCOB durnps a l l  of core w i t h  mnemonico, 

Lower Memory Require- 
mente - 57 and 11 

__._ 

CoIHPon Requirements - Hone 

1: 794 -38-E- 
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8 

JI 

1 

e .  * 
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-16- 

LIBT 
LABEL 
8tlaROUTINE EMORQ (ITYPE,IDUYP) 
POW4T ( l€ i l , lO .REARQR NO, ,IS) 
PO-SEkT (1H ,l2Hl)WP POUOWB) 
PRINT e3,ITYPE 
WRITE OUTPUT TAPE 3,82, IlWB 
IF (IDUMP-1) 2,1*3 
PRINT 99 
WRITE OUTPUT TAPE 3,- - 
CALL DMPCOR 
CONTINUE 
RETURN 
END 

*ERRORQ ALPHABET TO WIBEL.DL68COR FOR INCI,VSIO?4 IN BINARY DECK ERRoBtQ 1 ENTRY D W O R  
DYPCQR CALL DUMP, O0,9999,3,10000,19999,3,20000,327g1,3 I 

KND 
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Entry Name -LUNAR2 

Category - Main Program - Phase 2 

Purpose 
-- - Compute temperature perturbations due 

to the disc and direct output as specified 
by control cards, 

Argument. - None (main program) 

Dimension and Connnan 
Consideratiorim - Standard Phase 2 COMMON and DIMENSIOEl 

statements are used, 
is set S(254,103), 

In addition, S(J,K) 

Error E x i t .  - 098 - specified problem will not fit An 
the dimension restr ic t ion  of S. 

899 - 7090 fai lure,  

Unusual Cautionr - The arrangement of data within the 
matrix S I s  dependent on the input parat- 
metera, 
sldered 011 Page E42. 

Restrictions on input are cat- 

Description - Calculation is made as described In 
Appendix B after input parameters have 
been read, 
mm, 

Output is v ia  subroutine 

Lower Memory Require- 
- men- - 943 

Conmo~ Requirements - Standard LUNAR2 26,618, 

fl 
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-10- 

* L I S T  8 
LA= 

CLUHAEVL ALPHABET FOR LABEL 

85 
89 
88 
92 
93 

18 

3l 

32 

76 

75 

33 

COMMON N,DP,W,DR,DS,CP,CQ,CR,CB,XP,Xq,XR,X8,EGA,ZE~,~F~CO,C~ 
COWON THIC , RHO, SPEH, DUSE, NLAYER, F I X ,  SPACE, DELT, DELX, DELR, TBx6 
COUOIQ N D E L T ,  NDP 
COKMON TSRS,HFDS,N6DS W X A N B , N R A N B , N D I S C , E S H , T S ~ , ~ S , Q , E B U , 8 I G , ~  
DIMENBION N (25) DP(2bj W(23) DR(25) D8 (25) EGA (25), ZETA (25) 
DIE2NSION CP(25j CQ(2!5),CR(2S) ,C8(25$,XP(2bj ,XQ(25) XR(25) XS(25) 
DIMENSION CON (loj THIC (101, R H O ( l O ) ,  BPEH (lo), DUSE (109, N D P ( 1 b  
DIkBNSION 8 (254,1&3) 
FORMAT ( l H 0 , I S H I N I T U L  TIME - #lEl2.4> 
FORMAT (6E12.4) 
FORMAT (617) 
PORWT ( l X , G H D S L T . ,  ,E1O.ID8H DEWCI ,E10.4,8H DE- ,El0.4> 
PaRMT ( I X ,  GEINB5LTh, I5,88 NUNS- , I5  8H NRANS-, IS, 8H NDISCI, IS, 

CALL FOURCO (2 1) 

AEAD I N P U T  TAPE 2,89,~H,TSH,YIB,Q,E8U,8IG 
READ INPUT TAPE 2,89,DELT,DELX,DELR,TIN,HEIGEfi 
READ INPUT TAPE 2,88,~D~T,NXANS,HRANB,NDISC,N~S,~S~ 
WRITE OUTPUT TAPE 3,92, DELT, DELX, DELa 
WRITE OUTPUT TAPE 9,85,TIbl 
WRITE OUTPUT TAPl3 3, ~ , N D E L T , N M N S , N R A N S , ~ D ~ S ~ , ~ ~ ~ , N S D S , ~ X ~ ~  
DO 18 I=l,NLAYER,l 

C ON T I N U E  
NLAYEEkNLAYER 
NDP ( N W Y E R ) = 3 2 0 0 0  
A= DELX* E S P  SIG/C ON (1) 
A=(2,O*A)/3,0 
mx=o . 0 
DXS-DELPDELX 
DRS=DELA*DELR 
TSXS=DELT/DXS 
TSR%DELT/DR8 
N D X d  
MS4908-1 
JRPNDISZC-2 

NTbNDELT 
NTBrrO 
GO TO 78 
NTA= ( N X A N S + N D E L T ) / 3  
NTBt ( N D E L T - N X A N S + 1 ) / 2  
J I N I G 1  

1 88 NRX?-,I5,7R NSDB=,Ib,lOH HEIGHlb ,ElO.I) 

CALL LAYERS (1) 

. 

NDP(I)=THIC (I)/DEW+O.S 

IF (NDELT-"SI 31 ,3 i , s  

ZF (NDISC) 75,75,33 
J I N b - 1  
J b  NRANS+NDELT+l 
N D I S C . c l 0 0 0 0  
IP ( J R - N F D S )  97,98,98 
JA.rJR+l 

1: 794.38-E18 
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I - -  

I - .  ~ 

I -  

- .  

- -  

36 
31 
38 

39 
1 

22 
E 

3 
4 

5 

8 

7 

8 

9 
17 

35 

IF (JR+~+#TA-NTB-NRAW) 33,36,36 
IF fJR+l+NTA-NFDS) 37,98, S8 
Ip (NTA+2-NSDS) 58,38,98 
CONTIRUE 
DO 1 Jll,NFD8,1 
DO 39 b l  NSD8,l 
S (J, K b O . 6  
CONTINUE 
CONTINUE 
YEf- 
HTI&O 
T-0.0 
DO 24 N?kl,NTA,l 
JR..JR+JINK 
TrT+DELT 
NII&WTIM+1 

. .  1 .  
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26 
27 

20 

29 

30 
23 
20 

25 
34 

16 

10 

11 

32 

I 19 

-20- 

N l k M  
K L k y 0 - 1  
LAY=16LIY 
M&NSDS-X 
KEDP=NEDP 
DO 20 MX=l,M,l 
WMB-1 
&=LIB 
hSTO=M+l 
N b N U - 1  
IF (NU-YEDP) 28,26,10 
I F  (a-1) 99,29,27 

i 
ur=uy-i 
M=M-1 
BTO=MSTO-l 
GO TO IO 
&M+3 
BT&=MSTCkl 
GO TO 22 
U Y = L h Y - l  
ur.6Y=LAY 
NED- NEDP-NDP (LAY') 
DO 30 J=l,JR,l 
S (J,MSTO)=O.O 
C O K X X l E  
MZIDP--MEDP-NDP (LAY) 
CONTINUE 
EMST0 
bBT&MSTO-l 
GO TO 14 
CONTINUE 
CWTINUE 
CALL LUAU2 <??TIM,)LSTO,JR) 
CALL EXIT 
CONTINUE 
CALL LUAU2 (WTIEI,YSTO,JR) 
GO TO (24,25),NXX 
CNRrO.0 - 
DO 11 5=2,JR,l 
CNR=CNA+2 .O 

1:794.38-E20 
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14 

1s 

99 
98 

-21- 

CALL VALUE (0.0, TIYE, V, 19 
bo. 0 
DO 15 J-Z,JR,l 
R=R+DELR 
R A b H E I C H T  
CALL RADIO (R,TIME RAD) 

CALL BIQUAD (A * B,400.0,0.001 ,AN8) 

CONTINUE 
S(lvMSTO)=S(2,MSTO> 
GO TO 16 
CALL ERRORQ (99.2) 
CALL ERRORQ <98,2) 
END 

B-V + ( (I.O*S(J,MI-S(J.M+1)+2,0*DELX* (RAD+F))/3.6 > 
S(J,MSTO)PANS-V 

- 

. .  . 
- - .  

.1:794,38-E21 
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Entry .Hame 

. Category . 
- - Main Program - Phaae 2. 

Purpose - Compute temperature per turbt iom date 
to the disc  and direct output (UI 

specified by control cards, 

Argrmrcnts - None (main program) 

Dimension and Curanon 
Consfderatione - Standard Phase 2 C- and DPIE#SIU!i 

statements are used, In addition, S(K) 
io s e t  S ( U O 0 0 ) ~  

Error E x i t s  - #98 - specified problem w i l l  not fit in 
. the dhenafoa res tr i c t ion  of S. 

f39 - 7090 failure. 

Unusual Cautions - 3he size of S(K) needed i s  dependent 
the input paremeters. Restrictions an 
input are considered on Page E42, 

011 

D e s c r m  - Calculation i s  made as described In 
Appendix B after input. parameters have 
been read assuming that the independent 
variable, r(radia1 distance) i s  irrelevant. 
Output i s  v ia  subroutine Iuml2. 

L o w e r  M e m o r y  Require- 
Inezlts - 773 

Transfer Vector - (FPT), FOURCO, LAYERS, (‘ISH), (RTN), (STfI). 
(FIL), LUN02, VALUE, RADIO, BIQUAD, ERRORQ. 

Colnnon Requirements - Standard LUNE2M 23,456, 

1: 7 94.38 -E22 
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- .  

32 

37 
38 

- _  

39 

13 
s 

3 
4 

' 5  

6 

7 

0 

9 
I7 

24 

ss 

. .  
. .  . . 

NTA= (NXAN~+NDELT)/P 
NTB= (NDELT-NXANS+~)E~' 
IF (NTA+2-H8D8) 38,38,91) 
CONTINUE 
DO 39 K*l,#BDB,l 
8 ( K b O . 0  
CONTINUE 
MB-Ms+a 
N T I k O  
-0.0 
DO 24 NT=l,N!CA,l  
T-T+DELT 
NTIbbi N TIWl 
TIME-!RN+T 
KbMB-1 
XF (MB-MB) 17s22*m 
GO TO 2 
LAYIl  
N E D P I N D P ~ )  
LEX-0 
DO 9 LIxPKB,MB,l 
M=yx 
LEX=LEX+l 
LF (LEX-NEDPI S,S,O 

LAY=LAY+l 
elk1 
IMSTOd-1 
GO TO 10 
LAYSLAT-1 
&M-1 
hST*Y=1 
GO TO 12 
LA Y=LIY+l 
N E D ~ " ~ N D P ( L A Y )  
CWTINUE 
&XB-1 
kST(I=Y-l 
GO TO 14 
C(wTIRUE 

N D X d  
Mu=wm 
)6LaY=LIY 
NEDP4EDP-IDP (LAD 
DO 25 NT=l,RTB,l 
T=T+DELT 
N T I M = N T I M + l  
PIMEdIN+T 
NZbM 
MTkMU-l 
LAY=MLAY 
YBcNSDS-1 

€F (U-MX) 99,7,4 

IF <rsl!B) 99,34,95 

1: 394.38-E24 
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MEDPPNEDP 

l4byB-l 
u=MB 
ILST(I.M+l 
N b N Z F - 1  
IF {NU-MEDP) 28,26,18 
IF (MX-1) 99,29,37 
U Y = L A Y = l  
k Y - 1  
MST(E.MSTO-1 
GO TO 10 
Eb=M+s 
WTD=MST0+1 
G O  TO 12 
LFCY=WY-l 
MLI;Y=LIIY 
NZDfiNEDP-NDP (UY) 
6 (IESTO)=O,O 

CONTINUE 
K=MSTO 
IESTCbMSTO-1 
GO TO 14 
CONTINUE 
CONTINUE 
CALL LLUNM (NTIY, =TO, JR) 
READ INPUT TAPE 2 100,- 
ZF (TFBT-GRREPEAT) lM,102,101 
CON TIN UE 
CALL LUiiM <NTIY,MSTO,JR) 
GO TO (24,251,NDX 
CONTINUE 

DO 20 bo1=l,yu,1 

MEDP=MEDP-NDP(Ur) 

. .  

RAD=HEICHT 
CALL RADIO (R,TIME FtAD) 
E)=V + ( (4,0*5( d - S (  Ikl)+2,0*DELX*(RAD+F))I=).O > 
CALL BIQUAD (A, B, 400,0,0.001~ US) 

GO TO 16 
CALL ERRORQ <99,2)’ 
CALL ERRORQ <98,2) 
END 

S( MSTO)=AXS-V 

1:794,38-E25 - 



Entry Name. - LUAU2 

Category ~ - Subroutine -'Phase 2, . 

P U V O S e  - - Output Subroutine for  Phase2. 

Arguments - NTPI, Msm, JB 

NTIM : Number of time steps for which - 
the Phase 2 calculation has been 
completed , 

ISTO : Value of the column ( las t  
dimension of S) i n  which surface 
temperature perturbations 
currently appear, 

JB :-?hub= of r-steps to last non- 
zero perturbation. 

Dimension and Corranon 
Considerations - Standard Phase 2 COMMON and DIMENSION 

statements are used, I n  addition, 
S(J,K) is set S(ZS4,103). 

Errar Exits - None 

Unusual Cautions - The dimensionality of S n q s t  agree w i t h  
that  given i n  the main program, UJNAR2, 

Description - Output consists of radial profiles for 
f ixkd depth as specified by control 

* cards read by LUAU2, If N"IM is suffici- 
e n t l y  small, no output occurs. 

Lower Memory Requi re-  
ments - 223 
Transfer Vector - ma, ( R m ,  ( s m ,  

-1: 7 94 38-E26 
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-27- 
A .  

c LXST 
L LABEL 
I SUBROUTINE LUAU2 (NTTY, MSTO, JR) 
I COWON R ,  DP,DQ, DR,DS,CP, C Q , C R , C S , X P , X ~ , ~ R , ~ ~ , E ~ ,  ZETA, NFORCO, ~ ~ l l  

THIC , REO, SPEB, PUSE, NUYER, F I X ,  SPACE, DELT, DELX, DEIJ\, 2'9x8 
I COMMON NDELT,NDP 

COramaoR TSEIS,NFDS,NSDS NXAWS,NRANS,#DISC,ESE,TSE,VI8,Q,E8U,8I6,8 
DIMENSION N (25) D P ( 2 5 )  DQ(25) DR(25)  DS(25) ECA(25) ZETA(35) 
DIMENSION C P ( 2 5 )  CQ(25$,CR(25) ,CS(ZSf  ,xP(25),XQ(25)'~(25) 

DIENS1IO)I S (254,103) . 
DIEENSION AM3 (10) 

DIMENSION CON (105, THIC CSO) ,RHO(ZO), SPEH (10) , DUSE (10) ,NDP& 

86 FORMAT (1HOT19HRADI.kL PROFILE, T.: ,E14,8,5H X= *Rl4.8, 

87 FORMAT (1E32,4,3I7) 
90 FORMAT (1H , l O E l l . 4 )  

1lH R-SPACEr .,El4.8) 

IF (PIX) 2,1,2 

IF (NFIT-NTIY) i,s,4 

W A D  INPUT TAF% 2,8?,FIX,HOX,MDRS,NDRS 
NFIT=PIX/DELT 

LOX=MSTO+YOI[ 
WORKArYCX 
wmKA=woRKA*~  
woRKB=MDRs 
W O R K B = W O A K p I * ~  
WRITE OUTPUT TAPE 3s86,FIX,UORK&U- 

10 DO 5 I=l,lO,l 
ANS (I)=O.O 
CrnTIMUE 

I F  (NSDS-I-LOX) 6,7,7 
IF (JR-IC) 6,8,8 

DO 9 J=1,10,1 

ANS (J) =8 (K, La) 

CONTINUBS 
KRITE OUTPUT TAPE 3.90, (ANS (1) Ill , lo> 
NDRS=NDRS-lO 

1: 7 94 38427 
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Entry Name! 

Category 

P U r p O l r c  

Arguments 

~ 

. .  
- -  

. -3228- 

- m02 

- Subroutine - Phase 2 
- Output subroutine for Phase 2 modified 
for one-dimensional problm, 

- NTIM, &ISTO, JR . _  

NTIM : Number of time steps for which 
the Phase 2 calculation has been 
completed, 

MSTO : Value of the column (only 
dimension of S) in which surface 
temperature perturbations 
currently appear, 

JB : Meaningless (uM02 is a modifi -  
cation of UDAOZ), 

Dimension and Commcm 
Considerations - Standard Phase 2 COMMON and DIMWSICM 

statements are used. 
is set S(25000) ,  

In addition, S(K) 

Error E x i t s  - None 

Unusual Cautions - The dimensionality of S - must agree w i t h  
that given i n  the main program, fuNEM. 

Description - Output consists of depth profiles far 
fixed time as s p e c i f i e d  by control cards; 
read by LUN02, If " T I M  is sufficiently 
small, no output occurs, 

Lower Memory Require- 
ments - 188 
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LI%T 
LABEL 
BUBROUTINI LUi4(# ( N T I H ,  MBTO, JR) 
COWON N,DP,DQ,DR,D$,CP,CQ, CR,CS,XP,XQ,XR,XS,EGA,Z~A,NFOR~O,COrr 
COWON THIC,RHO,8PEB,DU8E,NLAYER,mx,aPACE,DELT,DELX,DELR,T8XB 
COMKoiJ NDELT, NDP 
COXHON TSF@,NFDB,NSPg ~ ~ 8 , N A A R ~ , N D ~ ~ C , ~ B H , T ~ H ~ V I 8 , Q , ~ , S ~ ~ , S  
DIMENSION Nf25) DP(25j DQ(23) DR(25) DS(25) EGA(2S),ZETA(2S) 
DIMENBION CP(2Sj CQ (25f CR ( I d ,  CB (25) , XP (23), XQ (25) XR(25) XB (251 
D I E N S I O N  CON (105 THIC d o > ,  Mi0 (IO), SPXH (la), DUSE (lo), NDP(l6) 
D I E E N S I O N  8 (25000$ 
DIMENSION AN8 (10) 
FORMAT flHO,l8HDEPTH PROFILE. ,E14.8,11E FIRBT-Xm 

PORMAT (1Ell .I, SI?) 
FORMAT (1H ,lOEll.4> 

READ INPUT TAPE 2,87,FfX,YOX,IIDRB,NDRiB 
NFIT-PIX/DELT 
ur ~NFXT-NTIY) issa4 - 
RETURN 
LOXIMSTO+MOQ 
WORKA=Yoot 
#ORKA=WORKA*DEU 
WORKB&DIcIs 
WORKB=WO€UWDELX 
WRITE OUTPUT TAPE 3,86,FIX, WORW, WORm 
DO 5 I=l,lO,l 
ANS (I)=O.O 
CON== 
DO 9 J=1,10,1 
IF (NSDS-1-LOX) 8,7,7 
ANS (J)=S (LOX) 
LOX=LOX+MDRs 
CONTINUE 
WRITE OUTPUT Ill€% 3,W, (ANS(I),I=l,lO> 
NDRS=NDRS-10 
ZF (NDRS) l,l,la 
END 

1 11H X-SPACE., ,El4*8) 

IF (FIX) 2,l 3 

1: 794 - 3 8 4 2 9  
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Entry Name 

Category 

Purpose 

Arguments 

- RADIO 
- Subroutine - Phase 2 

- Computes surface radiatian input 
divided by conductivity of surface layer. 

- R, T, %AD 

: radius (cm. from center of disc),  
: time (hours from nearest pred-  T 
sunrise), 

RAD : input argument - height of disc 
above surface; output - surface 
radiation/CON (1) . 

Dimension and Coprnon 
Considerations - Standard Phase 2 CaMMoN and DIMENSICS- 

statements are used. 

Error Exits -NO= . 

Unusual Cautions' - T must be positive and less than une 
lunar cycle, 

Description - The angular effect of the geometry of 
the disc is calculated if heigbt is 
positive, otherwise this effect is ignored. 

' Lower Memory Require-  
m t 6  - - 3.79 

Transfer Vector - SIN, SQm 

1:794,38-E30 . 
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-31- 
LIST * UBEL 

1 

2 

3 
4 

5 
6 

7 

8 

CRADIOX RADIATION INPUT FOR LUNAR2 WITH RADIATION EDGE EFFEC!CS 
SUBROUTINE RltDIO(R, T,RAI)) 
COMMON W ,  DP, DQ, DR, DS, CP, CQ,CR, CS , XP, XQ, X R ,  X 8  , EGA, ZETA, NFORCO, COII 
CO!dMON THIC,  RHO, SPEH, DUSE, NLAYER, F I X ,  SPACE, DELT, DELX, DELR, TSX$ 
COMMON NDELT-NDP . 
COMMON TSRS, h 8 ,  NSD8 NXAflS, N U N S  , NDISC,  ESH, TSR,YZS, 0,  Em, $IG,S 
DIMENSION N (25) D P ( 2 5 j  W (25) D R ( 2 3 )  D8 (25) EGA (25) , ZETA (23) 
DIMENSION CP(25) CQ(2S~,C~tzS~,CS(2S~,XP(zsj ,XQ(25) XR(25) XS(25) 

HEIGHT=RAB 
A N D I S C I N D I S C  
RBH-ANDISC* DEL1 
I F ( H E I G H T ) 8 , 2 , 7  
RAI)so.o 
I F ( F t S H - R ) S , B , B  
RAD=ESH*ESU* SIG*TSH**I/COII (1) 
GO TO 8 
IP(EcA(2)*T-3.1415sZ7)4 5,5 
SOL=VIS*Q*SINP(EGA (2)*TI/CON (13 
GO TO 6 
soIro.0 
RAD=RAD+soL 
GO TO 8 
B=RSH/EEICHT 
C=R/IIEICHT 

DIMENSION CON (10) , THIC (10) ,RHO(IO), SPEH (10) , DUSE(IO) , NDP& 

F=O.S(l.O-<1.0 + C**2 - B**2)/SQRTP(C**J + 2.WC**2 * ( I , O - P - )  
1 +LO + ~**2)**2))  
RAI)=ESH*ESU*SIC*FtTTS~*4/CON (1) . 

IF (FlSH-R)3 , 5,s 
RETURN 
EPID 

1:7% -38-1331 
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Entry Name - LAYERS 

.Category 

Purpose - .- To read description of layers. 

- Subroutine - Phase 2. 

Arguments - IauT 
IOUT : Specif ies  output a s  follows: 

;r 1 output of layer descriptioru, 
< 1 no output layer descriptfone, . 

Dimension and Cornanon 
Cons ldera t ions - Standard Phase 2 C6MMorJ and DLMENSICJEI 

Statements are used. 

Error Exite - N o h ~  

Unusual Cautions - L(M) i s  the f ixed  point varfable for 
layer H which indicates: 
L(M) = 0 : layer thickness i s  defined, 
L(M) > 0 : layer thickness i s  undefined 

L(M) < 0 : Call EXIT immediately, 
(-1 ¶ 

In addition to reading LW), C€BI(M), 
THIC(M), MO(N), and SPEEIOI), LAYERS cam- 
putes DUSE(M) = CON(M)/(WO(M)* SPEH(M)). 
The infinite layer is, of course, read 
last and serves as a signa3 that all 
layering descriptions have then been read, 
LAYERS also sets  NLAYER. 

Lower Memory Require- 
ments - 138 

1:794.38-E32 
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LI8T 
LABEL 
SUBROUTINE LAYERS fIOUT) 
FOAMAT (1X 113,4E14.8) 
FORBUT ( l H b ,  18HPHYSICAL CONSTAIQTB) 
FORKAT (1H .lIS.4El4.8> 
COMMON N, DP; DQ, DR, DS,CP, CQ, CR, CB,XP,XQ,XR,XS,EGA, ZETA, #FORCO,COII 
COhF2ON THIC,RHO,SPEH,DUSE,N~~R,~X,BPACE, DELT, DEI;x, DELR,TSX8 
COE8ON NDELT. NDP 

IF (IOUT) 2,2,1 
WRITE OUTPUT TAPE S,S4 
b K + 1  
READ INPUT TAPE 2,90,L,CON(K),THfC<K),RHO(~,BPEH(K) 
IF (IOUT) 4,4,3 

IF (L) 7,5,8 
THIC (K)=l .OESO 
DZBE (K)=CON (K) / (RHO (K)*SPEE (0) 
IF (L) 7,2,6 
NLAllEEbK 
RETuAlJ 
CALL EXZT 
END 

WRITE OUTPUT TAPE ~,~s,L,coN(K) ,TEIC(K),RH~(K),SPEE(~ 

1: 794.38-E33 
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I -  

Entry Name - 
Category - 

FCKlElCO 

Subroutine 9 Phase 2, 

Read Lunar 'Fourier coef f ic ients  and 
prepare these coef f ic ients  for further 
use. 

Purpose - 

Arguments - IPROB, IOOT 

I P R a  2 specif ies  output t i t l e  as follows: 
1 title for Phase 1, 

= 2 t i t le  for  Phase 2, 
> 2 no title. 

IOUT z specifies output of Fourier 
coef f icientu: 

0 no output of coeff ic ients ,  
> 0 output of coef f ic ients  for 

reference. 

Dimension and Common 
Cans idera t ions - Standard Phase 2 COMMON and DIMENSION 

statements are used, 

Error E x i t s  - 
Description - 

None 

In addition t o  reading of Fourier 
coeff ic ients  into DP(K), DQ(K), DR(K), 
and DS(K); MlURCO reads N(K), calculates 
EGA(K), rescales DR(K) and DS(K) for tinre 
units i n  hours, and sets NFORCO, 

Lower Memory Require- 
merits - 150 
Transfer Vector - 

1:7 94.38-EX 
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-33- 
LIST 
LABEL 
SUBROUTINE FOURCO {IPROB, IOUT) 
FORMAT (lX, 113,4El4.8) 
FORMAT ( l H O ,  20WOURIER COEFFICIENTS) 
FORMAT (In, 27HLUNAA1 TEMPERATURE PROFZLEB) 
FORMAT (1H ,113,4El4.8) 
PORUT ( l H l ,  32HLUNAR2 TEMPERATURE PERTURBATIONS) 
COWON N, DP, DQ, DR, DS, CP, CQ, CR, CS, XP, XQ,XR,XS, EGA, ZETA, NFORCO, CoiQ 
COMMON THIC , RHO, SPZR, DUSE, NLAYER, F I X  , SPACE, DELT, DELX, DELR, mX8 . 

COMMON SDELT,  NDP. 
COMMON TSRS, NFDS, NSDS NXANB, N R A N 8 ,  NDISC,  EBH, TBH, VIS, Q, ESU,SIC,S 
D I E N S I O N  N(25) D P ( 2 5 )  W(25) DR(23)  DS(25) E G A ( 2 5 ) ,  ZETA(25) 
DIMENSION CPC25) CQ(251 , C R ( 2 5 1 , C S ( z § ~ , X P ( 2 5 I  ,XQ(25) XR(25),XSW) 
DIMENSION CON(lO~,THIC(lO),RIiO(lO),SPEH~lO) ,DUSE(lO) ,NDPUO) 
1GO 

WRITE OZrTPUT TAPe 3,923 
GO TO 3 
M T E  OUTPUT TAPE 3,98 

WRITE OIYTPUT TAPE 3,s 
K=K+1 
READ INPUT llAPE 2 90,H(K),W<IZ),DP(K),DS(~,DR(K) 
DS (K)=36O0. WDS (Id 
DR(K)=3600.O+DR (IC) 
-N (0 
EGA (g)=0,0088656*TERy 
IF (IOUT) 7,7,6 
WRITE OUTPUT TAPE 3,95, N (0, DQ (IC) ,DP (IC), DS (K) ,M1(0 
I F  (N(K>)  8,5 ,5  
NFORCOr K - 1  
RETURW 
EXD 

IF CIPRrn-2) 1,2,3 

LF (IOUT) 5,5,4 



Entry Narpc - VALUE 

Category - Subroutine- phase 2 
Purpoee - To calculate temperature'and x-deriva- 

.tive of temperature. 

Arguments - X, IF, V, F. 
X : Depth at which results are desired. 
T : Time (measured from nearest previoue 

sunrise) at which results are 
desired. 

V : Temperature. 
F : x-derivative of temperature. 

Dimension and Conrmon 
Cons idera tions - Standard Phase 2 COMMON and DIMENSION 

statements are used. 

Error E x i t s  - #lo- the argument, X, is negative, Also, 
the argument, X, is positive- 

Unusual Cautions - In the original concept, it seemed likely 
that this subroutine would be used far - 
positive X. 
postponed until needed, 

The necessary coding was 
N o  need arose. 

Description - Using the Fourier coefficients in 
C O N ,  Phase 1 V and F are calculated. 

Lower Mernory Require- 
ments - 88 

- 

Transfer V e c t o r  - ERRORQ, cos, SIN I 

. -  

1: 7 94.38-E36 
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LIST * UBEt 
SUEROUTINE VALUE (X, T, V,F> 
C O U O N  N,DP,W,DR,Ds,CP,CQ,CR,CS,~P,XQ,XR,XS,EGA,ZE~,NF~co?c~ 
COtibilON T H I C , A H O , S P E H , D U S E , N ~ ~ R , ~ , S P A C E ,  DELT,DELX,DELR,T9X8 
COMMON NDELT. NDP 



Entry Name 

C a t  egorp 

ApPOSC 

Error Exits 

- BIQUAD 
. - Subroutine - maee 2, 

- To find the positive root of g@) = d 
+ ff - B where A, B > 0,  

- A, B, UMAX, FRACT, ROOT 

A,B : Coefficients of g(0). 
UMAX : hximum allowable root (%, 

positive); a root i r  assumed to 
l i e  in  (0, UMAX). 

to lie i n  a U-interval of length 
not exceeding FRACT. 

BOOT : The desired positiwe root, 

FRACT: A ' r o o t  is supposed found if known 

- #% - no root discovered in (0 ,  OMAX), 

Unusual Cautions - If A and B are such that the root would 
l i e  outside (0, UMAX), strange results 
occur, 

40010, 
W e  successfully used, UMAX = 

Descrip t iun - The root search uses an alternating 
half interval - secant intersection 
method. 

Lower Memory Require- 
mente - 141 
Transfer Vector - 
Connnon Requirements - Bone 

72 

I 

1: 7 94 38-E38 
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LIST 
LABEL 
SUEROUTINE BIQUAD (A, B, UMAX, FIUCT, ROOT) 
SUEROUTINE BIQUAD 
QUARTF(X)- (A*X**4j+X-B 
X1rO.O 
x2=uLux 
DO 7 INDEDC-1 101) 
~ ~ - Q U A R T P ( X ~ ~  
YZ=QUARTF ( x 2 )  
XPRIW ( (xi*y2). ~ * x m / ( ~ z . n )  
YPRIEE-QUAATF (XPRIm) 
IF(YPRIME) 2, 1, 1 . 

ROO!bXPRIME 
GO TO 8 
XI=XPRIME 
XP€UE=(Xl+Xa) /2 .0  
YPRIHE=QUARTF (XPRIUE> 
IP(YPAIME) 3, 1, 5 
Xl-XPRIHE 
GO TO 4 
X2SXPRIMK 
IF(X2-Xl-FRACT) 6, 6,--7 
AoorP(Xl+X2)/2.0 

ROOT OF BIQUADRATIC EQUATION, LUNAR2 

- -  

. _  - 

GO TO 8 
CONTINUE 
CALL ERRORQ (6,Zt) 
mTuRN 
END 

1:7 94.38439 
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GLOSSARY OF NAMES 

I. Data Read by Both Phase3 

N(K) : Multipliers of R i n  calculating 
DP(K) : Temperature cosine coeff ic ients .  
DQ@) 2 Temperature s i n e  coefficientr.  
DR(1c) : Flux  cosine coefficientr,  
DS(E[) : Flux sine coeff ic ients ,  
CON(M) : Layer therms1 conductivities (cals/hr em "9) - 
THIC(n) : Layer thfcknessee (a), 

S P E t l O  : 

Data Read by Phase 2 Only 

. _  

RH$@) : Lager densitielr (gmfcm 3 ). 

Layer specif ic  heats (ca l fgm %)e 

11. 
* ESIi 4 

TsfI . 
V I S  .. . 
Q - 
ESU . 
SIG * 

DELT . . 
DEI3( - 
DELR * . 

- TI# . . 

. 

- 

"S 5 

NDISC : 

Emissivity of disc (we used 0.9)- 
Temperature of disc (we used 300.K). 
Average ref lect ivity,  uV {we used 0.875) - 
Solar constant, q, 
Emissivity of lunar surface, fS (we used 0.9). 

2 4 Stefan-Bkrltzmann constant, o (cal/cm hr (OK) )- 
At = tlme step (an). 
Ax = depth step (a). 
Ar = radial step (clat), 

Initial t i m e  measured from first sunrise prior t o  
placement of disc (hr), 
Height of d isc  above surface (cm) . 
Number of t i m e  steps to be taken i n  this run. 
Number of depth steps for  which answers are 
desired after NDELT the steps. 
Number of radial steps for which answers are 
desired after NDELT time steps, 
Number of radial steps from center of disc to 
nearest grid point outside the radius of the disc, 

(we used 117.0 cal/cm 2 tur), 

1: 7 94 38-E40 
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i 
I -  

. -  NFDS : F i r s t  dimension of S. 
NSDS : Second dimension of -S. 

311. Variables Calculated by Both Phases 
. .  

. DUSE(I4) : Layer thermal diffusivities. 

N, Work Areas - Phase 1 

CP(K), CQ(K), CR@), and CS(K): Stota e for data Fourier 
coefficients and results reLted to Equations A5 
and A6. 

x P ( K ) ,  XQ(K), XR(K), and =(IC): 
EGA : Storage for mn of current interest.  
ZETA : Storage for E ,  of current interest.  

Results of Equation A4. 

V. Work Areas - Phase 2 
EGA(K) : Storage for all ain- 

VI. Variables Calculated by Phase 2 Only 

NFORCO : 
NLAYER : Numbe~ of layers, 
T S B  : At/(&):. 

Number of values of an (including a. = 0 ) -  

TSRS : At/(Ar)L.  

NDP(M) 

S(3,K) : Storage area and work area for results in IJuNA?p2. 
S (K) 

: Number of depth steps required €or layer M. .; 
Defined to be 32;OOO for an infinite layer. 

Storage area and work area for. results fn -2 
(the one-dimensional q d i f i c a t i o n  of WNAR2) -  

: 
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Iterate: K = 0,1,2, W - 1, W 

with N(K) = 0,1,2, l4 - 1, -1 
N(M) = -01 signals termination of read. 

DQ(M), D P O ,  D S O ,  D R O  are arbitrary- 

Lw) = 1 signals termination of read. 

Layer H fs infinite in thickness, 

t ( M )  = -1 signals immediate a t ,  

3, Profile Specificatian. 

l?EAD INPUT TAPE 2, 92, KFIL, FIX, Span, NRXP 

KFIL >. 0 - Zrofi le  is desired, 

KFIL =. 0 + Time profile 58 desired, 

KFIL < 0 + Return to 2 for new medFa. 



. .  .. 

Phase 2 (LU?UR2: S(J,K)): 

1, Fourier Coefficients - Precisely as i n  Phase 1, 

2, Layer Definition - Precisely as in Phase.1, 

3, Parameters and Specifications, 
I 

89 FCrRMAT (6El2.4) I 

aa FORMAT (an) 
READ INPUT TAPE 2, 89, E%, TSH, VIS, Q, ESD, S I C  

READ IXPUT TAPE 2, 89, DELT, DE=, DELR, TIW, fIEIQ€l' 

READ INPUT TAPE 2, 88, NDELT, "S, ."S, NDISC, 
m s ,  NSIIS 

Restrictions, 

a) DELR = D€IX and DELT satisfy Egn, B7 for the 

largest diffusivity in the problem. 

DELX an integer for each K with finite THlC(It). 

NFDS and NSDS are the first and second 

THIC(It)/ 

b) 
numbers i n  the DTMENSIOH statement defining 

S(J,X)- 

e) Denote " g r w t e s t  integer d' by fa] and 

- define 



. .  -E@- 

If these conditions cannot be sat i s f ied ,  it w i l l  be 

necessary to re-dimension S, 

It should be noted that LUNAR;! 1s specialized if the WDlSc 

definit ion above i s  violated t o  the extent that NzI)SC ZS not 

I 
I 

positive, 

the one-dimensional problem. 

since UME2W does the same work in leas t h e ,  

This results  i n  an ineff ic ient  use of ' L U  to solve 

This option should not be used 

4, Radial Profile Specification (Read by LUAU2, P, E26)- 

87 FORMAT (lEl.2.4, 317) 

READ INPUT TAPE 2, 87, FIX, EIOX, MDRS, w)IIs 

FIX: Time at vhicb a radial profile i s  desired. FIX 

should increase monotonically from p r o f i l e  to 

profi le ,  

Number of depth steps a t  which the profile 5s 

des ired, 

Number of radial steps between values on the pro- 

f i l e  beginning with the Y = o value, 

Number of values i n  the prof i l e .  

FIX/DELT should be an integer, 

MOX; 

XDRS: 

NDRS: 

Phase 2 (UINEZH: SCK)): 

1, 

2, 

. 3, 

Fourier Coefficients - Precisely as above, 

Layer Definition - Precisely as above. 

Parameters and Specifications - Read Precisely as above, 

Restrictions, 

a) DELX and DELT satisfy Eqn, B7 for the largest 

7b 



d i f f u s i v i t y  of -the problem, THIC(K)/DEf;x an 

integer €or each K with f i n i t e  THIC(K}- DELR, 

“s, NDISC, NFDS, and NSDS are arbitrary. 

b) Denote “greatest i n t e g e r 5  by la] , and 

define. 

“ZA- MIN (I(l+lXME + NDELT)/21, NDELT). 

Then it must be true that 

+ 2 215,000, 

If not, the problem cannot be s o l d .  

4, Depth Profile Specification (Read by LtW02, PI E28), 

87 FORMAT (1E12-4, 317) 

READ TAPEZ, 87, PIX, MOX, MDRS, NDRS 

FIX: Time at  which a depth profile is desired. FIX 

should i n c r e a s e  monotonically from profile to  

profile. 

Number of depth steps to the first (nearest sxxr- 

face) value in the profile- 

Number of depth steps between successive profile 

values , 

k m b e  of values i n  the profile, 

FIX/DELT should be an i n t e g e r ,  

“OX: 

MDRS: 

M)RS: 

5, Repetition Signal, 

100 FaRNAT(U[, 

READ INPUT TAPE 2, 100, TEST 

If the word REPEAT is read in to  TEST return is  made to 

2 above for a new media- 
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c 

- Restrictfon. 

In order far the 'word REPEAT to be properly inter- 

preted it is necessary that the list of depth profiles described 

: abow (4) contain a t  least one profile whose time (PIX) is  greater 

than the time obtained by an NDELT summation of DELT, . 


